The effect of propranolol (2.5 mg kg-I, i.v.) on local cerebral blood flow (CBF) in normocapnia was studied in rats maintained artificially venti lated on 70% N20 and 3071' Oz. The method used was autoradiography with [14C]iodoantipyrine. Although a single dose of propranolol, given 30 min prior to CBF measurements, somewhat reduced mean CBF values in all of the 22 structures analysed, none of the changes were significant. The results confirm previous ones, in which overall CBF was measured, in showing that f3adrenergic mechanisms have little effect on normal cerebrovascular tone. Fol lowing a single dose of propranolol, results obtained in hypercapnia were equally negative; neither did CBF fall significantly when propranolol was given by constant infusion during 15 min. Furthermore, local CBF did not differ between animals infused with dl-propranolol and d-propranolol. It is concluded that in the rat, propranolol has but small effects on the CBF response to hypercapnia, if any. The results reveal that local COz responsiveness, calcu lated as �CBF/ �PC02' varies with normocapnic flow rates.
Early attempts to unravel the physiological role of the sympathetic innervation of cerebral vessels by section or stimulation of the sympathetic nerves gave essentially negative results, since changes in cerebral blood flow (CBF) were either small or un detectable (for literature, see Schmidt, 1950; Sokoloff, 1959) . With the advent of modern histo fluorescence techniques and the demonstration that the innervation extends to intraparenchymal vessels (see Edvinsson and MacKenzie, 1977; Owman and Edvinsson, 1977) , the interest in neurogenic control of CBF was rejuvenated. As a result, it has been demonstrated that the innervation involves a adrenoceptors and that the effects of sympathetic stimulation can be mimicked by a-receptor agonists (Lowe and Gilboe, 1971; Kuschinsky et al., 1973; Oberdorster et al., 1973; Rosendorff et al., 1976) . However, the physiological role of this innervation seems largely confined to some pathological situa tions such as hypercapnia (Harper et al., 1972) , hypotension (Fitch et al. 1975) , and acute hyperten sion (Bill and Linder, 1976) .
Interest has recently been focussed on the possi ble role played by an intrinsic innervation of cere bral microvessels by noradrenergic fibres originat ing in the locus coeruleus and other brainstem nu clei. This interest was stimulated by demonstrations of such nerves in close association with cerebral microvessels (Hartman et al., 1972; Rennels and Nelson, 1975; Swanson et al., 1977) , and by results suggesting that stimulation or inhibition of central noradrenergic activity affects CBF and vascular permeability (Raichle et aI., 1975; Grubb et al., 1978) . Recent results suggest that any such effects should be mediated via ,B-adrenoceptors, localized to intracranial "microvessels" (Herbst et aI., 1979; Nathanson and Glaser, 1979; Harik et aI., 1980) . Results of the type discussed raise the question of the physiological role played by a f3-adrenoceptor innervation. By administration of appropriate block ers, usually propranolol, several groups have at tempted to study whether such a system contributes to normal cerebrovascular tone or whether it mod ulates the CBF response to hypercapnia. This type of analysis is complicated by the fact that f3receptors occur in neurons and glial cells as well, and the f3-blocking agents may influence both neuronal activity (for literature, see Bloom, 1975) and cellular metabolism (see Nahorski et aI., 1975) . Most authors have therefore attempted to measure both CBF and metabolic rate. The results are in conclusive and partly contradictory. Thus, some authors have found that propranolol does not affect CBF under control conditions (MacKenzie et aI., 1976; Berntman et aI., 1978; Olesen et aI., 1978) and others that it reduces CBF (Aoyagi et aI., 1976) . In some studies, propranolol was found to reduce met abolic rate (Aoyagi et aI., 1976; MacKenzie et aI., 1976; Savaki et aI., 1978) , but in another cerebral metabolic rate for oxygen (CMR02) was unchanged from control (Berntman et aI., 1978) . Four groups of workers have reported that propranolol reduces CBF under hypercapnic conditions (Aoyagi et aI., 1976; MacKenzie et aI., 1976; Berntman et aI., 1979; Hemmingsen et aI., 1979) , but a fifth group found no such effect (Olesen et aI., 1978) .
The objective of the present experiments was to reevaluate the effect of propranolol on CBF under normocapnic and hypercapnic conditions. As will be discussed below, it could not be excluded that propranolol rapidly dissociates from its receptor binding sites and that its effects on CBF and meta bolic rate are transient. We therefore measured CBF both during constant infusion and 30 min fol lowing a single dose of propranolol. Furthermore, since it has been suggested that the effect of f3adrenergic stimulation differs regionally (Aubineau et aI., 1973 ; see also Sercombe et aI., 1977; Savaki et aI., 1978) , CBF was studied by autoradiographic techniques. The dose of propranolol employed (2.5 mg kg-I) is one that is assumed not to induce non specific local anaesthetic effects but is sufficient to block the effects of f3-adrenoceptor agonists in the brain (see Nahorski et aI., 1975; Berntman et aI., 1978) . The specificity of these effects was tested by the administration of d-propranolol, an isomer with J Cereb Blood Flow Metabol, Vol. 1, No. 4, 1981 a weak f3-adrenoceptor-blocking action (see Alexan der et aI., 1975) .
MA TERIALS AND METHODS

Animals
All experiments were performed on male Wistar rats (SPF strain, Mollegaards Avlslaboratorium, Copenhagen, Denmark) weighing between 260 and 415 g. The animals had free access to tap water and food pellets (Astra-Ewos, Sodertalje, Sweden) until operation.
Drugs
Propranolol, 1 mg ml-l (standard racemic solu tion, Inderal®, ICI, England), and d-tubocurarine, 3 mg ml-l (Tubocurarine®, Vitrum, Stockholm, Swe den), were used in stock solutions as provided. d Propranolol (provided by ICI, England) was dis solved in sterile water to a concentration of 1 mg ml-l. Heparin (Vitrum, Stockholm, Sweden) was diluted with Krebs-Hensleit solution to contain 300 IV ml-l• [14C]Hexadecane (standard solution) and [14C]iodoantipyrine were obtained from the Ra diochemical Centre (Amersham, England). The [14C]iodoantipyrine was diluted with ethanol to a concentration of 100 /-LCi ml-l• Aliquots of 0.5 and 0.3 ml of this solution were used for normocapnic and hypercapnic experiments, respectively. The ethanol was evaporated in a stream of nitrogen and the substance dissolved in 1.5 (normocapnic) and 0.7 (hypercapnic) ml of Krebs-Hensleit solution.
Operative and Sampling Techniques
The animals were anaesthetized with 4% halothane in N20l02 (70:30). When unresponsive, the animals were tracheotomized and connected to a Starling-type respirator delivering 1% halothane in N20l02 (70:30). Paralysis was accomplished by in travenous injection of d-tubocurarine, 1.5 mg kg-I. One brachial artery was cannulated with a catheter about 15 mm in length, used for blood sampling for tracer concentration determination. A femoral ar tery and vein were cannulated to obtain continuous blood pressure recording, anaerobic sampling for blood gas and pH determination (Eschweiler and Co., Kiel, Federal Republic of Germany; Radiom eter, Copenhagen, Denmark), and for injection of drugs and tracer substance. Temperature was con-trolled at about 37°C by means of external heating. After completion of the operation, the halothane supply was discontinued; the animals were then heparinized (300 IV kg-I) and left to recover for 30 min.
Hypercapnia (Paco2 about 75 mm Hg) was in stituted by substituting 5-6% of the N20 for CO2, Administration of Propranolol dl-Propranolol, 2.5 mg kg-I, i.v., was adminis tered in two different ways, as a single dose or as a continuous infusion. When given as a single dose, the drug was injected over about 2 min in order to avoid circulatory disturbances. This mode of admin istration was used for two experimental groups, one normocapnic and one hypercapnic. In these, hyper capnia was induced 5 min after the injection. Local CBF was determined 30 min after the injection of propranolol. In one hypercapnic group, dl propranolol (2.5 mg kg-I) was infused at constant rate for 15 min before local CBF was measured. In these animals, hypercapnia was induced 3 min after the start of the infusion. A fourth group was treated identically except that d-propranolol (2.5 mg kg-I) was infused instead of dl-propranolol.
Determination of Local CBF
Local CBF was measured according to Sakurada et al. (1978) with [14C]iodoantipyrine as diffusible tracer (for details, see Abdul-Rahman et al., 1979) . However, the technique was modified in two re spects. Thus, infusion of tracer substance was lim ited to 20 sec during hypercapnia, and blood for determination of 14C activity was collected from a brachial artery. The 14C activity was determined by liquid scintillation (Rackbeta 1215, LKB Wallac, Turku, Finland), and the efficiency in counting was estimated with an internal standard, [14C]hexa decane. Optical density was measured with a den sitometer having an aperture of 1 mm 2 (Macbeth TD501, Newburgh, New York). Statistics. Statistical differences were calculated by analysis of variance (ANOVA).
RESULTS
CBF Technique
In preliminary experiments, local CBF was mea sured during hypercapnia according to Abdul- Rahman et al. (1979), i.e., with 30-s infusion of isotope and sampling of arterial blood from the fem oral artery. This procedure was found to yield local CBF values that were sometimes excessively high and usually inconsistent. In order to improve accu racy at the high flow rates obtained, two modifica tions were made. First, in order to obtain blood with minimal temporal distortion of the 14C activity curve, a short brachial, rather than a femoral, artery catheter was employed. As Fig. 1 shows, the rate of rise of 14C activity differed when blood was sampled from the brachial and femoral artery, the rise occur ring about 0.75 s earlier with sampling from the brachial artery. Second, in order to obtain resolu tion of the brain activity versus blood activity at the end of the infusion (see EklOf et al., 1974) , the sampling time was shortened to 20 s, with sampling every 2 s. With these modifications, reproducible results were obtained even at flow rates of 5 -7 ml g-I min-I. Since the procedure does not significant ly influence CBF values under normocapnic condi tions, we conclude that by minimizing the delay caused by withdrawal of blood from a peripheral artery, the hypercapnic CBF values are better esti mates of the true CBF values (see Discussion). Table 1 shows the physiological parameters. The values were sufficiently similar in the normocapnic and hypercapnic groups, respectively, to exclude the possibility that differences in body temperature, mean arterial blood pressure, or Paco2 could have influenced the results to any significant extent. It should be noted, though, that in the animals con tinuously infused with d-propranolol, mean blood pressure was somewhat higher than in the other hypercapnic groups (see Discussion).
Physiological Parameters
Effect of Propranolol on CBF Under
Normocapnic Conditions
The results obtained in propranolol-injected animals were compared to those for a previously re ported control group (Dahlgren et aI., 1981b) . However, since CBF in the two groups of rats was measured in the same period by the same two in vestigators, using identical techniques, the results should be comparable. Table 2 shows the influence of dl-propranolol (2.5 mg kg-1 given 30 min prior to CBF measurement) on local CBF in 22 different structures. Propranolol did not change CBF signifi cantly in any of the structures analysed. However, the mean values were lower than control in 21 of 22 structures, and when one grossly abbe rant cerebellar value in the propranolol-treated group was excluded (2.54 ml g-l min-I), propranolol appeared to reduce CBF in all (by an average of 12%). Such a small reduction is consistent with previous data on overall J Cereb Blood Flow Metabol. Vol. I. No. 4. 1981 (cortical) CBF (Berntman et aI., 1978) . As the re suits demonstrate, though, the suggested reduction in CBF was uniform and without preferential lo calization to certain structures. Dahlgren et al. (1981b) . Structure numbers are given in parentheses (see Fig. 2 ).
Effect of Propranolol on CBF in Hypercapnia
The initial series consisted of one control grou1 and one given a bolus injection of dl-propranolol 30 min prior to CBF measurement. When the results of these experiments had been analysed, a new group of animals was studied under continuous in fusion of dl-propranolol (3 months later). In this group, a technical error made it necessary to exlude one animal. At a later stage, when d-propranolol became available to us, animals were studied fol lowing continuous infusion of that compound (6 months after the initial series). Since no new hyper capnic control groups were studied simultaneously with the last two groups, and since the number of animals was small, we preferred to consider a propanolol-induced change as significant if the p value was less than 0.01. As the results of Table 3 show, dl-propranolol and d-propranolol both failed to alter CBF during hypercapnia in any of the structures. In fact, even if ap < 0.05 was considered significant, only four structures (sensorimotor cor-tex, substantia nigra, ventral posterior thalamic nu cleus, and superior olive) showed a significant vari ance between groups. Furthermore, an effect of dl propranolol seemed unlikely in view of the fact that CBF values were similar in the group of animals in fused with d-propranolol.
DISCUSSION
It seems profitable to discuss the cerebral cir culatory effects of propranolol in normocapnia and hypercapnia separately. We will begin, though, by making some comments on the methodology.
Measurements of Local CBF in Hypercapnia
Two methodological problems arise when local CBF is measured with autoradiographic techniques in high-flow situations. First, at flow rates of 3 -5 ml g-l min-1 it is crucial that the integral of the arterial 14C activity curve be assessed with minimal "smearing" and that tissue 14C activIty does not approach that of arterial blood. Second, at these flow rates any diffusion limitation of tracer is bound to yield erroneously low CBF values. It would seem that the first of those two errors is minimized by using a short brachial catheter and by decapitation after 20 s. However, since the procedure does not eliminate error due to diffusion limitation (see EklOf et aI., 1974 , Eckman et aI., 1975 , the true values in hypercapnia are probably somewhat higher than re ported here. Since any such error should be equally pronounced in all hypercapnic groups, it cannot af fect the conclusions which we have drawn.
Local CBF in Normocapnia
The present results demonstrate that dl-pro pranolol in a dose of 2.5 mg kg-1 has but small effects on local CBF. The results obtained in nor mocapnic animals (a suggested but nonsignificant decrease averaging 12%) confirm those of MacKen- Olesen et aI. (1978) , and Berntman et aI. (1978) . It is questionable that a 10% decrease in CBF can be resolved with existing CBF tech niques. It should also be recalled that the suggested reduction in CBF showed no regional differences. It seems unlikely, therefore, that vascular f3-adre noceptors are instrumental in regulating normal cerebrovascular tone. In this respect, the results are in close agreement with those we have previously reported demonstrating that lesions of the norad renergic system originating from the nucleus locus coeruleus fail to modify CBF (Dahlgren et aI., 1981a) .
Local CBF in Hypercapnia
In view of the results obtained in previous studies (Aoyagi et aI., 1976; MacKenzie et aI., 1976; Berntman et aI., 1979; Hemmingsen et aI., 1979) , it is perhaps more surprising that a single dose of pro pranolol did not modify the CBF response to hyper- Table 2 .
capnia, but the results corroborate those of Olesen et al. (1978) . Conflicting results have been published regarding the duration of action of propranolol. Bylund and Snyder (1976) have noted a relatively fast dissociation of alprenolol, a f3-receptor antagonist analogue, from its receptor binding sites, and Olesen et al. (1978) have found a rapid influx and egress of propranolol in studies designed to in vestigate the cerebral extraction of the drug from arterial blood. On the other hand, it has been suggested that propranolol remains bound to cere bral receptors for several hours (Hayes and Cooper, 1971; Evans et aI., 1973; Elghozi et aI., 1979) . Suspecting that propranolol dissociates from (vascular?) receptors in the 30-min period following its injection, we infused the same amount continu ously during 15 min. As seen in Table 3 , the results were equally negative. It is also of importance that local CBF was similar whether d-propranolol or dl propranolol was infused. Thus, the results are in agreement with those showing that lesions of the locus coeruleus system fail to alter CBF and CMR02 during hypercapnia (Dahlgren et aI., 1981a) .
We conclude from the present results that pro pranolol does not influence the CO2 responsiveness of the cerebral circulation, i.e., the increase in CBF for a given increase in P aC02' In view of the limited number of animals studied, it would seem difficult to exclude that the lower mean values, recorded in some structures, reflect a true decrease in CBF fol lowing propranolol administration. However, since normocapnic flow rates were somewhat lower in propranolol-injected animals the relative CBF in crease during hypercapnia was similar in control and propranolol-treated animals (data not shown). Furthermore, when CO2 responsiveness was cal culated as dCBF/dPC02, the values were similar in control and propranolol-injected animals (Fig. 2) . It is of interest that this analysis revealed a close cor relation between "resting" (i.e., normocapnic) local CBF and CO2 responsiveness (Flohr et aI., 1969) .
